Notch signaling serves pleiotropic roles in the immune system by influencing multiple lineage 'decisions' of developing lymphoid and myeloid cells 1,2 . In mammals, the Notch family is composed of four Notch receptors (Notch1-Notch4) and five ligands (Delta-like ligand 1 (DLL1), DLL3, DLL4, Jagged1 and Jagged2). After ligand-receptor interaction, the intracellular domain of the Notch receptor is cleaved, then it traffics to the nucleus and forms complexes with the DNA-binding factor RBPJ and the transcriptional co-activators MAML1-MAML3, which promotes the expression of target genes. In addition to that canonical pathway, cleaved intracellular domains of Notch receptors engage non-canonical signaling components, including the metabolic checkpoint kinase complex mTORC2 and its associated adaptor Rictor 3, 4 . The Notch intracellular domain also interacts with components of the transcription factor NF-κB, cytokine TGF-β and hypoxia-response signaling pathways [5] [6] [7] .
Notch signaling is activated at various stages of commitment to and development of T cell lineages, such as commitment to the T cell lineage or the B cell lineage, differentiation into αβ T cells or γδ T cells, and differentiation into CD4 + single-positive T cells or CD8 + singlepositive T cells 1,2 , and during T cell-mediated immune responses, such as the differentiation and function of peripheral cytotoxic and helper T cells 8 . Pathogen-associated molecular patterns are known to promote expression of Notch ligands at the surface of antigen-presenting cells. The activation of naive CD8 + T cells requires binding of the ligand DLL1 on antigen-presenting cells by Notch1 or Notch2, which leads to the expression of Eomes (which encodes the transcription factor Eomes), Gzmb (which encodes the serine protease granzyme B), Ifng (which encodes interferon-γ (IFN-γ)) and Prf1 (which encodes perforin 1) 9, 10 . In naive CD4 + T cells, DLL1 and DLL4 activate Notch signaling and transcription of Tbx21, which encodes the type 1 helper T cell (T H 1 cell) transcriptional regulator T-bet 11, 12 . During the differentiation of type 2 helper T cells (T H 2 cells), activation of Notch1 and Notch2 by Jagged1 and Jagged2 favors the expression of Gata3 (which encodes the transcription factor GATA-3) and Il4 (which encodes interleukin 4 (IL-4)) [13] [14] [15] [16] .
Notch1 signaling is reported to be important in the differentiation of the T H 17 and T H 9 subsets of helper T cells by promoting the expression of Rorc (which encodes the transcription factor RORγt) and Il9 (which encodes IL-9), respectively 5, 17, 18 . The role of Notch signaling in the regulatory T cell (T reg cell) compartment remains controversial. In vitro, Jagged ligands and signaling via Notch 1 and Notch3 seem to promote the differentiation and survival of T reg cells 3, [19] [20] [21] . In contrast, several in vivo studies have demonstrated that blockade of the Notch pathway, in particular Notch1 and Notch2, promotes tolerance in mouse models of graft-versus-host disease (GVHD), in association with the population expansion of T reg cells 22, 23 . Studies have shown tolerogenic function for antibodies to Notch1 in a humanized mouse model of vasculitis and in a mouse model of aplastic anemia 24, 25 . In this study, we used T reg cell lineage-specific genetic and functional approaches to identify a key role for the Notch pathway in destabilizing T reg cells, promoting their apoptosis and inhibiting their function in the context of inflammation.
RESULTS

Negative regulation of T reg cell function and homeostasis by Notch
To elucidate the role of the Notch pathway in peripheral tolerance, we investigated the functional consequences of interrupting signaling via Notch receptors in a T reg cell-specific manner. For this, we derived mice with a bacterial artificial chromosome (BAC) expressing enhanced green fluorescent protein (EGFP) fused to Cre recombinase under control of the Foxp3 promoter (Foxp3 EGFPCre ), together with loxP-flanked Pofut1 (Pofut1 fl/fl ), which encodes the fucosyltransferase Pofut1, to generate Foxp3 EGFPCre Pofut1 ∆/∆ mice (in which the Pofut1 alleles have been deleted) 26 (Supplementary Fig. 1a,b) . Pofut1 mediates the fucosylation of Notch receptors, which is essential for receptor-ligand interactions; deficiency in Pofut1 abrogates Notch signaling 26 . T reg cell-specific Pofut1 deficiency resulted in a decrease in the number of peripheral CD3 + T cells and CD4 + T cells to about 25% the number of those cells in Foxp3 EGFPCre mice (Fig. 1a) . It also resulted in a reciprocal greater frequency of T reg cells, with fewer CD4 + CD62L lo CD44 hi effector memory T cells and relatively more CD62L hi CD44 lo naive T cells than in Foxp3 EGFPCre mice ( Fig. 1b-e ). Expression of IFN-γ in splenic CD4 + T cells was much lower in Foxp3 EGFPCre Pofut1 ∆/∆ mice than in Foxp3 EGFPCre mice, whereas expression of IL-17 was unaffected ( Fig. 1f,g) . We obtained similar results for the production of IFN-γ by CD8 + T cells (Fig. 1h,i) . Expression of several T reg cell markers, including Foxp3, CD25, CTLA-4, Helios and neuropilin 1 (Nrp1), was higher in Pofut1-deficient T reg cells than in Foxp3 EGFPCre T reg cells (Fig. 1j) .
We investigated the role of the canonical Notch signaling in T reg cells by Cre-mediated, T reg cell lineage-specific deletion of loxP-flanked Rbpj, which encode the DNA-binding factor RBPJ (Foxp3 EGFPCre Rbpj ∆/∆ ) 27 (Supplementary Fig. 1a,b) . The key phenotypes of Foxp3 EGFPCre Pofut1 ∆/∆ mice were recapitulated in Foxp3 EGFPCre Rbpj ∆/∆ mice ( Fig. 1) , which indicated that the canonical pathway was the chief mediator of Notch signaling in T reg cells. Of the four Notch receptors, Notch1 had the highest expression in T reg cells, followed by Notch 2, whereas the expression of Notch3 and Notch4 was negligible ( Supplementary Fig. 1c,d) . The phenotype of mice with Notch1-deficient T reg cells, achieved by lineage-specific deletion of loxP-flanked Notch1 (Foxp3 EGFPCre Notch1 ∆/∆ ) ( Supplementary  Fig. 1a,b) , approximated that of mice with Pofut1-or RBPJ-deficient T reg cells (Fig. 1) ; this indicated that Notch1 was the main receptor through which Notch signaling was triggered in T reg cells 28 .
We also assessed the effect of loss-of-function mutations of genes encoding members of the Notch family on the generation of thymusderived T reg cells. We observed a similar frequency and number of Foxp3 + T reg cells in the mature CD4 + single-positive thymocyte compartment of Foxp3 EGFPCre , Foxp3 EGFPCre Pofut1 ∆/∆ , Foxp3 EGFPCre Rbpj ∆/∆ and Foxp3 EGFPCre Notch1 ∆/∆ mice ( Supplementary Fig. 2a,b ). We used Foxp3 YFPCre mice, which express a fusion of yellow fluorescent protein (YFP) and Cre recombinase in T reg cells under control of the endogenous Foxp3 locus, to assess the effect of Notch signaling on the in vitro differentiation of naive CD4 + T cells into induced T reg cells 29 . We found that naive CD4 + T cells from Foxp3 YFPCre Rbpj ∆/∆ or Foxp3 YFPCre Notch1 ∆/∆ were similar to those of Foxp3 YFPCre control cells in their ability to differentiate into induced T reg cells ( Supplementary  Fig. 2c,d) . These results indicated normal thymic development and peripheral differentiation of T reg cell populations.
To further elucidate the cell-intrinsic effect of loss-of-function mutations of genes encoding members of the Notch family on T reg cells, we took advantage of random inactivation of the X chromosome in female mice to analyze both central thymic splenic T reg cells and peripheral splenic T reg cells in female heterozygous Foxp3 YFPCre/+ Rbpj ∆/∆ mice. We observed a greater proportion of YFP + T reg cells in the periphery of female Foxp3 YFPCre/+ Rbpj ∆/∆ mice than in their female heterozygous Foxp3 YFPcre/+ control littermates, in which approximately 50% of T reg cells in the thymus and spleen were YFP + (Supplementary Fig. 2e,f) . YFP + T reg cells had higher expression of several T reg cell markers, including CD25, Helios and Nrp1, than did YFP − T reg cells ( Supplementary Fig. 2g,h) . Overall, loss-of-function mutations that affected Notch signaling exerted a positive, cell-intrinsic effect on the fitness and function of T reg cells both at steady state and in the context of inflammation.
T reg cell-specific loss of Notch function protects mice from GVHD We assessed the suppressive ability of Notch signaling-deficient T reg cells in the context of a strong inflammatory response in the model of major histocompatibility complex (MHC) class I-and MHC class II-disparate GVHD. Adoptive transfer of T celldepleted bone marrow from Foxp3 EGFPCre , Foxp3 EGFPCre Rbpj ∆/∆ or Foxp3 EGFPCre Notch1 ∆/∆ C57BL/6 (H-2K b I-A b ) mice into BALB/c (H-2K d I-A d ) mice led to recovery from lethal irradiation ( Fig. 2a) . Transfer of total spleen cells from Foxp3 EGFPCre together with T cell-depleted marrow from the same donors induced lethal GVHD associated with the population expansion of donor-derived (H-2K b ) IFN-γ-producing CD4 + and CD8 + T cells ( Fig. 2a-f) , while transfer of Foxp3 EGFPCre Rbpj ∆/∆ or Foxp3 EGFPCre Notch1 ∆/∆ total spleen cells with T cell-depleted bone marrow of the same donor genotype resulted in protection from lethal GVHD in the recipient mice, with attenuated GVHD severity scores and decreased IFN-γ production by donor T cells ( Fig. 2a-f ). Moreover, transfer of total spleen cells from Foxp3 EGFPCre Rbpj ∆/∆ or Foxp3 EGFPCre Notch1 ∆/∆ mice lead to an increased frequency and number of donor T reg cells, associated with decreased apoptosis, as assessed by staining with annexin V, and decreased IFN-γ production ( Fig. 2c,d,g-j) . In the context of exaggerated inflammation induced by GVHD, donor Foxp3 EGFPCre T reg cells exhibited higher expression of the cleaved intracellular domain of Notch1 (N1c) than did their CD4 + Foxp3 − conventional T cell (T conv cell) counterparts ( Fig. 2k,l) Together these results revealed a direct role for cell-intrinsic Notch signaling in destabilizing T reg cells in the context of inflammation by promoting their apoptosis and IFN-γ production.
T reg cell-specific gain of Notch function disrupts tolerance
To investigate the role of Notch1 signaling in T reg cells, we generated Foxp3 EGFPCre Rosa26 N1c/N1c mice, which constitutively express N1c in their T reg cells 30 (Supplementary Fig. 1e ). We found higher expression of N1c in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells than in Foxp3 EGFPCre T reg cells, associated with higher expression of several genes that are targets of Notch signaling, including Hes1, Hey1, Heyl and Dtx1 (Supplementary Fig. 1f,g) . In contrast to the mutations that resulted in loss of Notch function, constitutive expression of N1c in T reg cells resulted in an autoimmune lymphoproliferative disease, whose manifestations included large-vessel vasculitis and lymphocytic end-organ infiltration in Foxp3 EGFPCre Rosa26 N1c/N1c mice ( Fig. 3a,b) . The CD4 + CD62L lo CD44 hi effector memory T cell pool was expanded and the number of CD4 + or CD8 + T cells expressing IFN-γ was increased by 50%, while the frequency of T reg cells was decreased by 45% in Foxp3 EGFPCre Rosa26 N1c/N1c mice, relative to the abundance of these cells in Foxp3 EGFPCre mice ( Fig. 3c,d ). There was also dysregulation of the B cell compartment, with much greater production of several circulating autoantibodies (to 18 of 98 endogenous antigens screened) in Foxp3 EGFPCre Rosa26 N1c/N1c mice than in Foxp3 EGFPCre mice ( Fig. 3e) . Overexpression of N1c in T reg cells considerably worsened the incidence and severity of type 1 diabetes in genetically susceptible mice of the non-obese diabetic (NOD) strain, particularly in normally resistant male NOD mice ( Fig. 3f-h) . Although N1c expression in precursors of T cells precipitates the occurrence of T cell acute lymphocytic leukemia 4 , we found no evidence of leukemia in Foxp3 EGFPCre Rosa26 N1c/N1c mice up to 6 months of age (data not shown).
Analysis of Foxp3 EGFPCre Rosa26 N1c/N1c mice revealed an agedependent increase in the frequency of T reg cells that did not express the Foxp3 BAC-driven EGFP-Cre transgene (data not shown). We observed accumulation of EGFP − T reg cells during thymic 1 1 6 4 VOLUME 16 NUMBER 11 NOVEMBER 2015 nature immunology A r t i c l e s development in these mice that reached up to 30% of the peripheral T reg cell pool at 2 months of age ( Supplementary Fig. 3a,b) . We observed EGFP − T reg cells at a very low frequency in Foxp3 EGFPCre , Foxp3 EGFPCre Pofut1 ∆/∆ , Foxp3 EGFPCre Rbpj ∆/∆ and Foxp3 EGFPCre Notch1 ∆/∆ mice (data not shown). Whereas EGFP + Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells had high expression of N1c, consistent with Foxp3 EGFPCre Rbpj 
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EGFPCre npg expression of the transgene from the Rosa26 locus, N1c expression in GFP − Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells was similar to that of Foxp3 EGFPcre control T reg cells ( Supplementary Fig. 3c ), which suggested that the EGFP − T reg cells never expressed the Foxp3 EGFPcre BAC gene and that the transgenic expression of N1c induced a profound competitive disadvantage in T reg cells. To overcome that 'escape' phenotype, we used Foxp3 YFPCre mice that express an YFP-Cre fusion protein under control of the endogenous Foxp3 locus 29 . Unlike T reg cells from Foxp3 EGFPCre Rosa26 N1c/N1c mice, 95% of Foxp3 YFPCre Rosa26 N1c/N1c T reg cells expressed the Foxp3-driven Cre recombinase ( Supplementary Fig. 3d,e ). Analysis of female heterozygous Foxp3 YFPCre/WT Rosa26 N1c/N1c mice revealed substantial skewing of X-chromosome use by T reg cells in the periphery in favor of expression of the wild-type Foxp3 allele (Foxp3 WT ) ( Supplementary Fig. 3f,g) . YFP + Foxp3 YFPCre/WT Rosa26 N1c/N1c T reg cells had significantly lower expression of Foxp3 than that of their YFP − T reg cell counterparts (P < 0.001; Supplementary Fig. 3h,i) .
Male Foxp3 YFPCre Rosa26 N1c/N1c mice developed a more aggressive and accelerated autoimmune lymphoproliferative disease than that of male Foxp3 EGFPCre Rosa26 N1c/N1c mice, as revealed by tissue histology and immunological analyses ( Supplementary Fig. 4 ). Together these data indicated a profoundly deleterious effect of N1c expression on T reg cell fitness. Flow cytometry of peripheral T reg cells revealed lower expression of T reg cell markers, including Foxp3, CD25, CTLA-4, OX40, Helios, Nrp1 and Eos, in T reg cells from Foxp3 EGFPCre Rosa26 N1c/N1c and Foxp3 YFPCre Rosa26 N1c/N1c mice than in T reg cells from Foxp3 EGFPCre and Foxp3 YFPCre mice, respectively ( Fig. 4a and Supplementary  Fig. 5a,b ). Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells exhibited higher expression of the proliferation marker Ki67, consistent with their enhanced proliferation and apoptosis (as detected by annexin V staining), compared with that of Foxp3 EGFPCre or Foxp3 EGFPCre Rbpj ∆/∆ T reg cells (Fig. 4b,c) . In vitro, the suppressive ability of Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells was decreased, whereas that of Foxp3 EGFPCre Rbpj ∆/∆ T reg cells was enhanced, compared with that of Foxp3 EGFPCre T reg cells (Fig. 4d) . The generation of thymic T reg cells in Foxp3 EGFPCre Rosa26 N1c/N1c mice proceeded unaffected, as we found a similar frequency and number of Foxp3 + cells among CD4 + single-positive thymocytes in Foxp3 EGFPCre i 10 Foxp3 npg A r t i c l e s mice and Foxp3 EGFPCre Rosa26 N1c/N1c mice ( Supplementary Fig. 5c,d) .
In addition, the demethylation status of the conserved noncoding sequence 2 (CNS2) CpG elements in the Foxp3 promoter was similar in thymic T reg cells from Foxp3 EGFPCre mice and those from Foxp3 EGFPCre Rosa26 N1c/N1c mice ( Supplementary Fig. 5e,f) .
In vitro, the differentiation of naive CD4 + Foxp3 YFPCre Rosa26 N1c/N1c T cells into induced T reg cells following stimulation with monoclonal antibody (mAb) to the invariant signaling protein CD3 plus mAb to the co-receptor CD28 and the cytokine TGF-β was decreased compared with that of Foxp3 YFPCre mice ( Supplementary Fig. 5g,h) , which suggested an inhibitory function for N1c in T reg cells derived from both the thymus and periphery. Next we investigated the effect of N1c on the ability of adoptively transferred T reg cells to suppress colitis in mice deficient in the recombinase component Rag1. We obtained naive CD45RB hi CD4 + T conv cells from CD45.1 + Foxp3 EGFPCre donor mice and transferred them alone or in combination with T reg cells from CD45. Foxp3 EGFPCre npg Rag1 −/− host mice. We found that such co-transfer of T reg cells from CD45.2 + Foxp3 EGFPcre Rosa26 N1c/N1c mice failed to suppress the colitis induced by the transfer of naive CD45.1 + CD45RB hi CD4 + T conv cells: the recipient Rag1 −/− mice exhibited substantial weight loss and tissue inflammation, as well as shorter colons and excess generation of IFN-γ + and IL-17 + CD45.1 + effector T cells ( Fig. 4e-i) . In contrast, the disease induction in Rag1 −/− mice given CD45.1 + CD45RB hi CD4 + T conv cells was completely suppressed by the co-transfer of CD45. Isotype npg 1 1 6 8 VOLUME 16 NUMBER 11 NOVEMBER 2015 nature immunology A r t i c l e s T reg cells from Foxp3 EGFPCre mice ( Fig. 4e-i) . Analysis of the CD45.2 + cell compartment in the recipient mice at day 35 after cell transfer showed greater loss of EGFP in Foxp3 EGFPCre Rosa26 N1c/N1c cells (60%) than in Foxp3 EGFPCre control cells (45%) (Fig. 4j) , indicative of the greater instability of N1c-expressing T reg cells.
To delineate the intrinsic effect of N1c on the functional phenotype of T reg cells, rather than a cell-extrinsic effect mediated by systemic inflammation, we analyzed the lymphoproliferation, activation of cells of the immune system and T reg cell phenotype of female heterozygous Foxp3 YFPCre/WT Rosa26 N1c/N1c mice. In contrast to female homozygous Foxp3 YFPCre/YFPCre Rosa26 N1c/N1c mice, female Foxp3 YFPCre/WT Rosa26 N1c/N1c mice exhibited no signs of lymphoproliferation or T H 1 skewing of CD4 + T conv cells at steady state (Supplementary Fig. 6a-d) .
However, YFP + T reg cells from female Foxp3 YFPCre/WT Rosa26 N1c/N1c mice had lower expression of T reg cell markers, such as Foxp3, CD25, CTLA4, OX40, Helios and Nrp1, than that of YFP − T reg cells from the same mice ( Supplementary Fig. 6e,f) . These results indicated that overexpression of N1c destabilized the phenotype and impaired the function of T reg cells by a cell-intrinsic mechanism, which led to activation of cells of the immune system, lymphoproliferation and autoimmunity.
The canonical Notch pathway mediates destabilization of T reg cells
To determine the overall contribution of the canonical Notch pathway to the inflammation and autoimmunity observed in Foxp3 EGFPCre Rosa26 N1c/N1c mice, we concurrently deleted Rbpj
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EGFPCre Rosa26 in the T reg cells of these mice. Most of the main phenotypes of Foxp3 EGFPCre Rosa26 N1c/N1c mice, including lymphoproliferation, T cell activation, skewing toward T H 1 cells and type 1 cytotoxic T cells (T C 1 cells), autoantibody production and alterations in T reg cell markers and suppressor function, were reversed in Foxp3 EGFPCre Rosa26 Nc1/N1c Rbpj ∆/∆ mice (Fig. 5) . Thus, activation of canonical Notch signaling had a predominant role in the immunological dysregulation observed in the Foxp3 EGFPCre Rosa26 N1c/N1c mice.
Notch signaling regulates the T reg cell transcriptome T reg cells have a transcriptional signature reflective of their regulatory function [31] [32] [33] . We compared the transcriptional profiles of splenic T reg cells isolated from Foxp3 EGFPCre , Foxp3 EGFPCre Rosa26 N1c/N1c , Foxp3 EGFPCre Rbpj ∆/∆ and Foxp3 EGFPCre Rosa26 N1c/N1c Rbpj ∆/∆ mice. Comparison of the transcriptional profiles of Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells and Foxp3 EGFPCre T reg cells revealed a limited set of genes whose transcription was affected by N1c expression (mean expression value, >120; false-discovery rate, <0.1; coefficient variation, <0.5; Fig. 6a ). Plotting of the transcriptional profiles as the difference in expression in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells versus Foxp3 EGFPCre T reg cells against the difference in expression Foxp3 EGFPCre Rosa26 N1c/N1c Rbpj ∆/∆ T reg cells versus Foxp3 EGFPCre T reg cells revealed both RBPJ-dependent alterations in gene expression and RBPJ-independent alterations in gene expression ( Fig. 6b) .
Hierarchal clustering analysis of genes whose expression was significantly altered by N1c expression revealed a subgroup of genes that were either upregulated (Dtx1, Ifng, Gzmb and Pde3b) or downregulated (Nrp1, Socs2, Il1rl1, Ikzf2 and Ikzf4) in an RBPJ-dependent manner (Fig. 6c) . A second subgroup included genes that were modulated by N1c in an RBPJ-independent manner, consistent with their regulation by non-canonical pathway(s) (Fig. 6d) . This subgroup included genes modulated by Foxo1 signaling, such as Bmp7, Gzma, Cd55 and others [34] [35] [36] . These results indicated a profound effect of Notch signaling on the T reg cell transcriptome by both canonical pathways and non-canonical pathways. We further analyzed the binding of RBPJ at two Foxp3-regulated genes that were affected by N1c expression: Pde3b, whose expression is normally suppressed by Foxp3 but was upregulated by N1c expression in T reg cells, and Ikzf2, whose expression is normally upregulated by Foxp3 but was decreased by N1c. Chromatin-immunoprecipitation analysis indicated that binding of Foxp3 to the Pde3b and Ikzf2 promoters was decreased, and that of RBPJ was increased, in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells compared with its binding in Foxp3 EGFPCre T reg cells (Supplementary Fig. 7a,b) . Analysis of epigenetic histone-methylation markings at the Pde3b promoter revealed more H3K4me3 and less H3K27me2 in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells than in Foxp3 EGFPCre T reg cells (Supplementary Fig. 7a) , a pattern associated with decreased Foxp3-dependent suppression of gene expression 37 . Reciprocally, H3K27me2 at the Ikzf2 promoter was greater in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells than in Foxp3 EGFPCre T reg cells (Supplementary Fig. 7b) . These results indicated that 
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Canonical pathway mediates T reg cell T H 1 skewing
Aborted T H 1 programming provides a mechanism by which T reg cells restrain T H 1 responses 38 . T reg cells respond to treatment with IFN-γ by upregulating Tbx21 expression in a manner dependent on the transcription factor STAT1 (ref. 38) . T-bet expression in T reg cells induces a partial T H 1 program, including expression of the chemokine receptor CXCR3, but fails to upregulate expression of the cytokine receptor chain IL-12Rβ2, which is necessary for the completion of STAT4-dependent T H 1 differentiation 39 . Overexpression of N1c in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells upregulated the transcription of several genes associated with T H 1 cells, including Il12rb2 and Ifng, as well as many genes downstream of IL-12-STAT4 signaling, including Ffar1, Id2 and Nkg7 ( Fig. 7a and Supplementary Table 1 ). Treatment of Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells with IL-12 led to IFN-γ expression, which was lost in Foxp3 EGFPCre Rosa26 N1c/N1c Rbpj ∆/∆ T reg cells (Fig. 7b,c) . Treatment with IL-12 resulted in the phosphorylation of STAT4 in a subset of N1c-expressing T reg cells, in an RBPJ-dependent manner (Fig. 7d,e ). Binding of RBPJ and N1c to the Ifng CNS22 element, which mediates transcriptional activation of Ifng by Notch signaling 40 , was greater in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells than in Foxp3 EGFPCre T reg cells (Fig. 7f,g) . We observed IL-12-induced phosphorylation of STAT4 only in YFP + T reg cells from female heterozygous Foxp3 YFPcre/+ Rosa26 N1c/N1c mice, not in their YFP − counterparts (Supplementary Fig. 6g,h) , which indicated that the expression of Il12rb2 (which encodes IL-12Rβ2) in Foxp3 YFPcre/WT Rosa26 N1c/N1c T reg cells was due to intrinsic overexpression of N1c and not to systemic inflammation. These results indicated that N1c promoted the T H 1 programming of T reg cells in a cell-intrinsic and canonical pathway-dependent manner.
Notch regulates Foxp3 epigenetic stability via Rictor
Notch signaling activates the kinase complex mTORC2 and its downstream kinase AKT independently of RBPJ 3, 4, 41 . AKT phosphorylates Foxo1, which results in its retention in the cytosol and its ubiquitination and degradation 42, 43 . Foxo1 in turns negatively regulates the T H 1 differentiation of T reg cells by suppressing the transcription of Ifng, as well as that of other type 1 genes 35, 44 . Because overexpression of N1c increased the transcription of Foxo1-suppressed genes in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells, we assessed the activation of mTORC2-AKT in these cells. Treatment with mAb to CD3 plus mAb to CD28 resulted in increased phosphorylation of AKT at Ser473, which is a target of mTORC2, in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells but not in Foxp3 EGFPCre (control) T reg cells (Fig. 8a,b) . Treatment with mAb to CD3 did not induce phosphorylation of AKT at Thr308, which is a target of the lipid kinase phosphatidylinositol-3-OH kinase (data not shown). Phosphorylation of AKT at Ser473 proceeded unaffected in Foxp3 EGFPCre Rosa26 N1c/N1c Rbpj ∆/∆ T reg cells (Fig. 8a,b) , which indicated that such phosphorylation was independent of RPBJ. We did not observe this phosphorylation in Foxp3 EGFPCre Rosa26 N1c/N1c Rictor ∆/∆ T reg cells (Fig. 8a,b) , which have T reg cell-lineage specific npg deletion of the gene encoding Rictor (an essential component of the mTORC2 complex), following stimulation with mAb to CD3 plus mAb to CD28 (Supplementary Fig. 1a,b) . In contrast, phosphorylation of AKT at Ser473 proceeded unaffected in stimulated CD4 + T conv cells of all genotypes (Fig. 8a,b) . There was more translocation of Foxo1 to the cytosol after activation of Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells with mAb to CD3 than in similarly treated Foxp3 EGFPCre T reg cells (Fig. 8c,d) . This increase was partially reversed by additional deficiency in Rictor, but not by additional deficiency in RBPJ, in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells (Fig. 8c,d) .
The frequency and absolute number of splenic T reg and IFN-γ + CD4 + T conv cells was lower in Foxp3 EGFPCre Rosa26 N1c/N1c Rictor ∆/∆ mice and their lymphoproliferative disease was diminished, relative to that of Foxp3 EGFPCre Rosa26 N1c/N1c mice (Supplementary Fig. 8a,b) . However, in the absence of N1c overexpression, Rictor deficiency did not affect the frequency or total number of IFN-γ + CD4 + T cells, memory CD4 + T cells or T reg cells in Foxp3 EGFPCre Rictor ∆/∆ mice relative to their abundance in Foxp3 EGFPCre mice (Supplementary Fig. 8c,d) . Notably, the 'escape' of Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells from expression of the Foxp3 EGFPCre BAC transgene was ameliorated by concurrent deficiency in RBPJ but not by concurrent deficiency in Rictor (Fig. 8e,f) , indicative of the failure of Rictor deficiency to correct the impaired fitness of N1c-expressing T reg cells. However, expression of key T reg cell markers was higher in Foxp3 EGFPCre Rosa26 N1c/N1c Rictor ∆/∆ T reg cells than in Foxp3 EGFPCre Rosa26 N1c/N1c T reg cells (Supplementary Fig. 8e,f) .
Epigenetic demethylation of the Foxp3 CNS2 region has been linked to sustained Foxp3 expression and overall T reg cell stability 45, 46 . Demethylation of the Foxp3 CNS2 region was diminished in Foxp3 EGFPCre Rosa26 N1c/N1c compared with its demethylation in 
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A r t i c l e s Foxp3 EGFPCre T reg cells, and this was largely reversed by concurrent deficiency in Rictor but not by concurrent deficiency in RBPJ (Fig. 8g,h) . These findings indicated that N1c destabilized T reg cells in part by altering their Foxp3 CNS2 epigenetic-demethylation signature in a Rictor-dependent manner.
DISCUSSION
In this study, we have provided evidence that cell-intrinsic The effects of Notch signaling on T reg cells were exerted mainly by the canonical pathway. Interruption of the canonical Notch pathway by means of T reg cell-specific deletion of Rbpj 'rescued' the key manifestations associated with enforced N1c expression in T reg cells, including lymphoproliferation and autoimmunity. Several phenotypic, transcriptional and functional alterations of T reg cells induced by enforced N1c expression were reversed by deletion of RBPJ, which indicated their dependence on canonical Notch signaling. RBPJ bound to a subset of genes that are targets of Foxp3, such as Pde3b and Ikzf2, antagonized the binding of Foxp3 and reversed the Foxp3-associated histone-methylation profile at those loci, indicative of a direct effect of the canonical pathway on at least a subset of Foxp3-regulated genes. Additional regulation might also be exerted by downstream gene targets of Notch signaling, such as Hes1 and Dtx1, which might engage in secondary transcriptional circuits that contribute to gene-expression changes induced by Notch in T reg cells.
In contrast to the results reported above, various T reg cell transcripts seemed to respond to Notch signaling in a canonical pathwayindependent manner. Several of these have been previously associated with Foxo1-dependent regulation, consistent with their induction by the mTOR-AKT-Foxo1 pathway. N1c-driven impairment of epigenetic demethylation of Foxp3 CNS2 was also independent of the canonical pathway, which suggested a putative role for non-canonical signaling in the Notch-mediated destabilization of T reg cells. This conclusion was reinforced by the demonstration that the N1c-induced increase in CpG methylation of Foxp3 CNS2 was largely reversed in N1c-overexpressing but Rictor-deficient T reg cells.
Our studies highlight the important role of canonical Notch signaling in T reg cells in enabling T H 1 cell and T C 1 cell responses. In the course of controlling a T H 1 response, T reg cells normally undergo an aborted program of T H 1 differentiation that limits their capacity to express IL-12Rβ2 (ref. 38) . Activation of the canonical Notch signaling bypassed this blockade, which led to activation of STAT4 and production of IFN-γ in response to IL-12 in T reg cells. RBPJ and N1c associated with CNS22 in the Ifng locus in N1c-overexpressing T reg cells, consistent with published data showing direct activation of Ifng expression by Notch signaling in synergy with T-bet 40 . N1c also enabled more effective activation of mTORC2-AKT by engagement of the T cell antigen receptor and sequestration of Foxo1 in the cytosol, a mechanism linked (by means of CD4 + T cell-or T reg cell-specific deletion of Foxo1) to promotion of the T H 1 differentiation of T reg cells 34, 35, 44 . The two mechanisms, canonical and non-canonical, may thus act cooperatively to induce T H 1 skewing.
Notch signaling in T reg cells had a particularly deleterious role in the context of severe inflammation in the fully MHC-mismatched GVHD. Whereas control (Foxp3 EGFPCre ) T reg cells were susceptible to apoptosis and T H 1 programming, Notch1-or RBPJ-deficient T reg cells were resistant to both processes, which led to the accumulation of T reg cells, diminished skewing toward the T H 1 phenotype and increased survival. Inactivation of Notch1 in T cells protects against GVHD 22 , and our studies indicated that T reg cells were the key cellular effectors of this effect. In the context of overwhelming T H 1 immune responses, such as experimental infection with Toxoplasma gondii, T reg cells undergo T H 1 programming and apoptosis, which recapitulates the fate of T reg cells in GVHD 47 . The exaggerated T H 1 responses of T. gondii-infected mice was associated with decreased IL-2 production, which contributed to T reg cell apoptosis. In addition, interference with Notch signaling in T reg cells attenuated the T H 1 cell and T C 1 cell response and increased IL-2 production, consistent with a role for IL-2 in the enhanced survival of Notch-deficient T reg cells in GVHD. The inhibitory effects of Notch signaling on T reg cell function offer mechanistic insights into how blockade of Notch receptors might induce tolerance, as has been reported in some experimental mouse models of GVHD. Intervention strategies targeting the Notch pathway might thus offer innovative therapeutic approaches to transplantation and autoimmune diseases.
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